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Porous materialsThe preparation and characterization of porous tubular ceramic composite microfiltration membranes, using ka-
olins and calcium carbonates, were reported. The porous gehlenite (2CaO·Al2O3·SiO2) and anorthite
(CaO·Al2O3·2SiO2) based ceramics were obtained by a solid state reaction. A ceramic support, sintered at
1250 °C, within an average pore size of about 8 μm, a porosity of about 47% and a compression strength around
40 MPa, was prepared. The microfiltration active top layer was added on the support by a slip casting from clay
powder suspensions. The novel microfiltration membrane layer has a thickness of 40 μm and an APS value of
about 0.2 μm. This average pore size value was improved and considerably lower than those reported in the lit-
erature (0.5 μm). The performance of thenovelmicrofiltration ceramicmembranewas determined for evaluating
both the water permeability and rejection. This proved the potentiality of the membrane produced in the
microfiltration field. Moreover, the good adhesion, between the support and the active microfiltration layer
membranes, was also proved. A correlation between microstructures of used powders and physicochemical
properties was discussed. Finally, the origin of the unique two powder order membrane depositions was also
proposed.
© 2015 Elsevier Inc. All rights reserved.1. Introduction
The use of traditional ceramics, using rawmaterials instead of indus-
trial chemicals is becoming ofmore andmore interestmainly due to the
lower price of the rawmaterial available. Algeria is one of the countries
in the world that have abundantly available raw materials, such as
calcium carbonates (CaCO3)(CC), dolomite (CaCO3·MgCO3), bones
(natural derived hydroxyapatite (HA): Ca10(PO4)6(OH)2), kaolin, feld-
spar and quartz.Manyworks have already been published for valorizing
these native raw materials, for the production of advanced ceramics
[1–7], ceramic membranes [8–19] and bioceramics [20–27]. In particu-
lar, in the membrane field the possibility of replacing the more expen-
sive starting materials by cheaper raw materials to be used as a
support (which constitutes about 99% of the filter mass) is significantly
important from economic and energetic points of view. In fact, the price
of alumina, usually employed as support, is at least 100 times greater
than that of kaolin. The other important advantage is the possibility of
reducing the sintering temperature from about 1600 to about 1250 °C,
when alumina supports are replaced by the raw materials. Otheradvantages are the relatively lower theoretical density of the prepared
supports (2.8 g/cm3) when compared to that of alumina (3.98 g/cm3)
and the mechanical strength comparable to that of alumina [14].
Actually, a flexural strength of 87 ± 2 MPa was obtained for 100 wt.%
Al2O3 samples sintered at 1620 °C for 2 h [28], while nearly the same
flexural strength value (87 ± 6 MPa) was also measured for compacts
sintered only at 1250 °C for 1 h, using the proposed process. In this
work, novel microfiltration (MF) ceramic composite membranes,
made of thinner active layer supported on a porous support, have
been prepared. Inorganic membranes are gaining a lot of interest in
the recent years, thanks to the development of new types of inorganic
membranes [28–37]. The inorganic membranes have excellent high
thermal, chemical stability, mechanical resistance [8,13,38–43], a longer
life-time, ease of cleaning, a low thermal conductivity and a low dielec-
tric constant [43,44]. Furthermore, these membranes are found to be
able to resist corrosive highly acids and alkali media as well as to with-
stand high pressure applications.
MF is a membrane process for concentration, purification, and frac-
tionation in diverse fields such as food, textile, pharmacy, chemical,
paper, and leather industries. MF is often used to remove particles,
microorganisms, and colloidal materials from suspensions [45–47].
Consequently, preparing inorganic membranes, especially ceramic
Fig. 1. A schematic process used for the filtration system.
19B. Ghouil et al. / Materials Characterization 103 (2015) 18–27composite membranes [48–56], for these applications are of high
interest. Several materials are usually employed for the preparation
of ceramics membranes, such as alumina, zirconia and titania.
However, natural raw materials, such as kaolin (chemical structure:
Al2O3·2SiO2·2H2O) [57,58] are more and more used for preparing
porous ceramics membranes [9–12,59–68] and it has been used in this
work as a starting material.
This membrane is fabricated in different steps. The first step is the
preparation of macro porous tubular ceramic support from the Texenna
kaolin halloysite type (TKH) and 20 wt.% CC mixtures, using an extru-
sion method. The second step is the synthesis of intermediate mem-
brane using a coating method. This layer is necessary to minimize the
surface defects and improve the surface roughness of the membrane
support for obtaining a small thickness of the top membrane layer.
The thin membrane has the double advantage of reducing the cost of
material needed and also of increasing the permeate flux. After sintering
of the intermediate layer, a top membrane layer is subsequently depos-
ited. The MF composite ceramic membranes were characterized for
evaluating their morphology, mechanical and chemical properties.
Besides, thewater flux and rejection of themembraneswere also deter-
mined for evaluating their potentiality in the water treatment. A corre-
lation between microstructures of used powders and physicochemical
properties was furthermore discussed. Finally, the origin of the unique
2 powder order membrane depositions was also discussed.
2. Experimental procedures
2.1. Raw materials
A natural Texenna kaolin halloysite type (TKH), a Tamazert kaolin
(TK) and CC (99.6% purity) powder were used as starting materials.Fig. 2. SEM micrographs of the pThese raw materials were obtained from Jijel and Constantine regions
(Algeria), respectively. CC powder was used as a pore former. The parti-
cle size distribution of TKH and CC material was determined by the
Dynamic Laser Beam Scattering (DLBS) technique. The organic addi-
tives, Amijel and methocel (methylcellulose) were used in order to
improve the rheological properties of the paste that facilitate the
forming of supports.
2.2. Supports elaboration
Porous tubularmembrane supportswere fabricated from clay (TKH)
and CC mixtures. The kaolin powder was then ground and sieved
through a 150 μm sieve. The average particle size of CC was around
5 μm [9].
The selected composition of powders used for the plastic paste prep-
arationwas 75wt.% Kaolin (TKH), 19wt.% CC powder, 3wt.% Amijel as a
binder and 3 wt.% Methocel as a plasticizer. The powder mixture was
aged with a progressive addition of water to obtain a plastic paste
with a good homogeneity and to allow the shaping. Subsequently, the
paste was left for 12 h under a high humidity to improve its rheological
property. The initial tubular supports were obtained by the extruding of
the paste to form cylindrical tubular supports having the following
dimensions: 6 mm (I.D.) and 10 mm (O.D.) while the length of the sup-
ports was according to our needs (the one which was used was 20 cm
long). The (I.D.) and (O.D.) are the inner and the outer diameters,
respectively.
The extruded tubes were placed on rotating rollers to cause the
support to rotate so that they dry up and stay straight.
Afterwards, the supports were sintered at different temperatures
ranging from 1100 to 1250 °C for 1 h, with a heating rate of about
4 °C/min from 25 °C to T (°C). This range of temperatures
(1100–1250 °C) was found to be the appropriate one since at lower
sintering temperatures we did not obtain the adequate mechanical
strength.
2.3. Membrane preparation
In this work, multilayer membranes were synthesized. These
membrane configurations consist of three layers: a porous support, an
interlayer and a top layer. The intermediate layer was prepared from
TK [11] and used as a support for the top layer which was made of
TKH powders. In fact, due to the particular TKH shape and sizes of
particles, coupled with the larger pore diameter of the clay support, it
was necessary to coat an intermediate layer with smaller pore sizes
compared to the support. The intermediate layer has also the role of
preventing the infiltration of suspensions into the support. The proce-
dure for the preparation of the TK intermediate membrane layer was
similar to that which was already described in a previous paper. Thisowders: (a): TKH, (b): TK.
Fig. 3. XRD spectra of the kaolin TKH, a: before and, b: after sintering at 1150 °C for 1 h.
Table 1
Chemical composition of clay using fluorescence XRF analysis.
Oxides SiO2 Al2O3 K2O Fe2O3 TiO2 CaO MgO Na2O MnO Other
wt.% 60.28 30.38 6.02 0.70 0.25 0.22 0.17 0.11 0.06 1.81
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ate layerwas performedwith a colloidal process. This involves the prep-
aration of a stable suspension, using 10 wt.% of TK, 30 wt.% of polyvinyl
alcohol (PVA) (12 wt.% aqueous solution) and water 60 wt.%. The
suspension was then deposited on the support using the slip casting
method (the deposition time was about 10 min). The used support,
sintered at 1250 °C, has an APS of 8 μm and 47% porosity. The system
was dried vertically for about 12 h at room temperature and it was
subsequently sintered at 1150 °C for 1 h with a heating rate of about
4 °C/min. This temperaturewas selected because it allows the obtention
of the adequate characteristics of themembrane, precisely, the adhesion
between support and membrane.
For preparation of TKH MF membranes, the same powder used for
support preparation was crushed and calibrated by sieving at 50 μm.
The specific surface area of the TKH powder was about 20 m2/g.
The membrane solution was prepared by adding TKH powder
(15 wt.%) into distilled water (57 wt.%) and stirred for 4 h. Then, the
PVA 28 wt.% (12 wt.% aqueous solution) was added into the TKH solu-
tion and stirred again for 24 h at a room temperature. The depositionFig. 4. XRD spectrum of the kaolin TK.time was about 5 min. After drying at room temperature for 24 h, the
deposited MF layer was sintered at 1050 °C for 1 h.
2.4. Characterization techniques
Different techniques were used to investigate the properties of both
kaolin supports and membranes. The structure was determined by
X-ray diffraction (XRD) using a Philips X'Pert X-ray diffractometer oper-
ating with Cu Kα radiation (λ= 1.54056 Å). The total porosity, APS or
diameter and pore size distribution were determined by a mercury in-
trusion porosimetry method (Micromeritics, Model Autopore 9220)
for samples sintered at different temperatures. The morphology, the
surface quality and thickness of intermediate and top-layer membranes
were examined with scanning electron microscopy (SEM). The struc-
tural properties of the membrane materials were characterized by
X-ray diffraction, N2 adsorption, Fourier transform infrared spectroscopy
(FTIR — Perkin Elmer Spectrum BX LX 185255), differential thermal
analysis (DTA) and thermogravimetric analysis (TGA) using a Perkin
Elmer Diomand TG/TDA apparatus. Nitrogen adsorption measurements
were performed at 78 K to determine BET surface area using an ASAP
2020 volumetric adsorption analyzer (from Micromeritcs). Prior to the
adsorption measurements, each sample was degassed at 300 °C for 2 h.
The structural evolution of powders was also evaluated by DTA and
TGA. These two analyses were carried out under a nitrogen atmosphere,
with a heating rate of 10 °C/min, from 30 °C to 1000 °C. The mechanical
strength of sintered specimenswasmeasured by a compression testwith
a constant displacement rate of about 0.2 mm/min, using a universal
mechanical testing machine (Zwick 10K) (Germany). The tangential
filtration experiments were performed using a home-made laboratory
plant at a room temperature and the working pressure was obtained
using an air gas source. Fig. 1 shows the schematic of the filtration
system.
The permeability characterizes the quantity of water per unit time
and area which crosses the membrane at a given pressure. The perme-
ate flux is one of the most important parameters in the evaluation of
the performance of a filtration system. The membrane permeation
property was characterized by distilled water flux (DWF). The filtration
experiments were carried out at a room temperature and DWF was
obtained by
DWF ¼ Q= S  t  Pð Þ
where DWF is the permeation flux of membrane for distilled water
(l·h−1·m−2·bar−1), Q is the volume of the permeated pure water (l),
S is the effective area of the membrane (m2), here calculated by theFig. 5. FTIR spectrum of kaolin, a: before and b: after calcinations at 550 °C for 1 h.
Table 2
Attribution band vibrations of the FTIR spectrum of kaolin.
V (cm−1) 415 471 539 694 758 794 914 1010 1097 1640 3625 3695
Chemical bands Si–O Si–O Si–O–Al Si–O Si–O–Al Si–O–Al Al–OH Si–O–Si Si–O Al–OH OH OH
References 57 57 57–58 57 57 57–52 57 58–52 57–58 58–52 57–52 57–58
21B. Ghouil et al. / Materials Characterization 103 (2015) 18–27inner diameter of the tubular membrane, t is the permeation time
(h) and P is the operating pressure (bar).
The retention rate of themembranes was determined by using a so-
lution containing dextran with a molecular weight equal to 40 kDa. The
concentration of the solution was fixed at 1 g/l. All the experiments
were carried out at a room temperature. Moreover, the retention rates
were estimated by the following simple relation:
R %ð Þ ¼ 100 1−Cp=Cf
 
where Cp and Cf are the solute concentration in the permeability and in
the feed solution, respectively.
3. Results and discussion
3.1. Analysis of the raw materials
The SEM pictures of the powders used are shown in Fig. 2. Fig. 2a
shows that this TKH crystallizes nicely in the form of naturally hallow
nano-rode halloysite crystals. Furthermore, the TKH powder structure
is confirmed by XRD spectrum as shown in Fig. 3. Additionally, the TK
powder structure is also confirmed by XRD spectrum showed in Fig. 4.
Fig. 4 illustrates the XRD pattern of the TK; it confirms that kaolinite
(K), quartz (Q) and muscovite (M) are the main crystalline minerals
existing in this clay. By contrast, TK has larger particle sizes than TKH
and it has lamellar or platelet shaped particles (Fig. 2b). Some particle
size proportions of TK were lower than 1 μm. On the basis of these re-
sults, porous TK layer was successfully utilized as intermediate layer in
order to prevent the infiltration of the suspensions into the supports.
Subsequently, a bi-layered membrane was deposited on anorthite and
gehlenite based supports, which were prepared from TKH and CC
powders.
The chemical composition of TKH powder, given in weight percent-
ages (wt.%) of oxides, is illustrated in Table 1. Themain elements consti-
tuting this kaolin type are Al2O3 and SiO2 (within 6.02 wt.% K2O,
0.70 wt.% Fe2O3, 0.24 wt.% TiO2, 0.22 wt.% CaO, 0.17 wt.% MgO and
0.11 wt.% Na2O as impurities).
The TKH powders were transformed into metakaolin (without the
water of hydration) by heat treatment at 550 °C. Then, metakaolin
was thermally converted into mullite via high sintering temperatureFig. 6. DSC and TGA curves for kaolin powder.(990 °C). These reactions can be represented by the following
equations:
Si2O5ðOHÞ4Al2ðkaolinÞ→Al2Si2O7ðmetakaolinÞ þ 2H2O ð1Þ
3ðAl2O3·2SiO2Þ→3Al2O3·2SiO2 þ 4SiO2: ð2Þ
Fig. 3a shows the phase composition of used kaolin. It can be seen
that the main crystallized phase is kaolinite with minor of quartz
(SiO2).When a sample is sintered at 1150 °C, the reaction between silica
and alumina to form mullite phase becomes evident. In fact, the XRD
curve (Fig. 3b) shows that the main phases are mullite (3Al2O3·2SiO2)
and quartz (SiO2). Besides XRD measurements, FTIR spectroscopy was
applied to confirm the kaolinite transformation during its calcination.
FTIR spectra obtained for the starting clay and after calcination at
550 °C for 1 h are shown in Fig. 5. The results of FTIR spectroscopy of
the starting clay (Fig. 5a and Table 2) show the TKH characteristic
bands: Si–O (at around 426, 466, 696, 1004, and 1110 cm−1), Si–O–Al
(at around 534, 754, and 786 cm−1), Al–OH (at around 910 and
928 cm−1) and OH (at around 3692, 3668, 3650, and 3618 cm−1).
After calcination at 550 °C for 1 h (Fig. 5b), the loss of bands concerning
the hydroxide was noticed.
3.2. Thermal analysis
The objective of thermal analysis (TGA and DTA) is to identify the
structural evolution of the membrane support, where predominant
weight losses (and hence transformations) occur in the TKH powder
and in the membrane support prepared from TKH + 20 wt.% CC
mixtures (Figs. 6 and 7). The TGA and TDA analyses were carried out
under nitrogen atmosphere, from a room temperature to 1000 °C.
Fig. 6 shows TGA and DTA measurement results of TKH. Two
endothermic and one exothermic peak appear on DTA curve. The
thermogravimetric curve shows that the first and second endothermic
processes are accompanied by the decrease in the mass sample. The
first peak at about 72 °C may pertain to the evaporation of water
adsorbed on the surface. In fact, the sample mass was lowered by
about 3% during this process. However, the endothermic peak corre-
sponding to the hydroxylation of kaolin is located at 503 °C. This sample
mass was additionally reduced by about 8 wt.% during this process.Fig. 7. DSC and TGA for none calcined supports (clay +20 wt.% CC).
Table 3
Changes in samples and the phenomena which may probably occur.
Sample Range of T (°C) TGA DTA Phenomena
Kaolin 25–200 Weight loss Endothermic peak Evaporation of adhesion water
450–550 Weight loss Endothermic peak Dehydration of structured water
950–1000 – Exothermic peak Formation of mullite or spinel
Kaolin + CaCO3 + amijel + methocel 25–250 Weight loss Endothermic peak Evaporation of adhesion water
250–350 Weight loss Exothermic peak Departure of additive organic materials
450–550 Weight loss Endothermic peak Dehydration of structured water
700–800 Weight loss Endothermic peak Decomposition of CaCO3 to CaO and CO2
Fig. 8. XRD spectra of support samples sintered at different temperatures for 1 h: ○:
Anorthite, ♦: Gehlenite.
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show any change. Nevertheless, the origin of this reaction is not
completely clear, yet. Some researchers attribute this reaction to spinel
formation while others to mullite nucleation [8]. It does not cause
weight change as the crystallization. The thermal behavior of themem-
brane support prepared from TKH + 20 wt.% CC mixtures, in the tem-
perature range from a room temperature to 200 °C, is presented in
Fig. 7. The DTA curve shows endothermic peak at 70 °C while the TGA
curve shows a slight decrease inweight (3wt.%) until 200 °C. The reason
of such decrease is probably due to the water adsorbed in the powder
mixture. In the range of 200 to 400 °C, DTA curve shows exothermic
peak at 320 °C, whereas TGA curve shows a slight weight decrease
(5%). This decline is probably due to the loss of organic materials, pres-
ent as additive. In the range of 450 to 550 °C, DTA curve shows a broad
endothermic peak at 494 °C. TG curve shows a 7% weight decrease,
which may be due to the dehydration of structured water of kaolin. In
the temperature range of 700 to 800 °C, DTA curve shows a sharp endo-
thermic peak at 754 °C while TG curve shows 7% weight decrease. The
reason of this decrease is related to the decomposition of CC to CaO
and CO2. Table 3 provides information on the changes in samples, due
to decomposition of CC into CaO and CO2, which causes the pores' ap-
pearance from the particle–particle sintering. The porosity of themem-
brane supports must depend on the path taken by the CO2 and other
volatile materials evolved during sintering.
3.3. Phase identification
XRD was used in order to investigate the effect of the calcination
temperature on the formed phases. In general, sintering produces a se-
ries of reactions or phase transformations that lead to the formation of
new phases. In Fig. 8 are depicted typical XRD reflections corresponding
to supports sintered at three different temperatures (1100, 1200 and
1250 °C) for 1 h. The main phases identified in the membrane supports
are the anorthite (CaO·Al2O3·2SiO2) which is a predominant phase at
1250 °C with a minor phase of gehlenite (2CaO·Al2O3·SiO2) where
theXRDpeak intensities decreasewith the increase in sintering temper-
atures. These identified phases are of great importance because of their
promising physical and mechanical properties.
3.4. Supports morphology
The SEM images reported in Fig. 9 show the surface and the
cross-section of the tubular membrane supports prepared from
TKH + 20 wt.% CC sintered at 1200 and 1250 °C for 1 h, respectively.
The two ceramic supports have a very similar surface morphology.
This confirms the highly porous structure with a homogeneous pore
distribution (even though the presence of large pores is to be noted).
The pores are randomly shaped. At the same time, we notice the ab-
sence of macro-defects such as cracks. These features are important
for the fabrication of good quality supports. The surface quality of the
support is important for the good deposition of the membrane. This
study confirms that the use of the interlayer membrane is an important
parameter for controlling the surface roughness of the ceramic
supports.3.5. Open porosity and pore size distribution for supports
Ceramic supports must have a high porosity ratio (percentage of
porous volume to total volume), a narrow pore size range, and a higher
mechanical strength, as well as a high performance for the chemical
nature of the filtered water. The regularity of porous texture in the sup-
ports is realized by CC, which would dissociate into CaO and CO2 gas,
under sintering conditions. The path taken by the released CO2 gas
creates the porous texture of the ceramic membrane and contributes
to themembrane porosity during the sintering process. The open poros-
ity and the APS of the porous membrane supports sintered at different
temperatures for 1 h are illustrated in Fig. 10.
The main remarks that can be drawn from these results is that the
increase in the sintering temperature allows to increase the APS and
the total porosity of membranes. In particular, the porosity increases
slightly while the APS increases sharply from 1150 to 1250 °C. Both
the total porosity and the APS of specimens were the lowest at 1100 °C.
As shown in Fig. 10, the porosity remains stable within the sintering
temperature change from 1100 to 1150 °C. By contrast, it increases
slightly from 41 to 45% when the sintering temperature is increased
from1150 to 1250 °C, and it goes up to about 47%with a further increase
in the sintering temperature up to 1250 °C.
The APS rises slightly from 1.9 to 2.5 μm with the increase in the
sintering temperature from 1100 to 1150 °C, and it will go up to 8 μm
with a further increase in the sintering temperature up to 1250 °C.
Therefore, this result at 1250 °C (APS ≈ 8 μm, total porosity ≈ 47%)
indicates that the porous specimens may be suitable for membrane
Fig. 9. SEM micrographs of membrane support sintered for 1 h at 1200 and 1250 °C, respectively: A and C: cross-section, B and D: surface.
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the APS above 1200 °C are mainly related to the decomposition of
gehlenite and the anorthite formation. It can be said that the sintering
of the membrane supports at 1250 °C improves the porosity ratio and
the APS. Nevertheless, an increase in these coefficient values may direct
to a negative effect on themembrane support properties. This is because
the supports having these large pores may encounter difficulties when
membrane layers are deposited since powder particles are finer.
The pore size distribution curves of specimens sintered at 1100,
1150, and 1250 °C, are illustrated in Fig. 11. As it can be deduced from
this figure, the majority of pores had a diameter smaller than 4 μm,
ranging from 0.5 to 4 μm for specimens sintered at 1100 and 1150 °C.Fig. 10. Variation of porous volume and average pore size with a sintering temperature for
1 h.By contrast, for specimens sintered at 1200 and 1250 °C, the majority
of pores had a diameter lesser than 20 μm, ranging from 2 to 20 μm.
As it may be seen in Fig. 11, when the sintering temperature rose from
1100 to 1250 °C, the curve of the pore size distribution moved towards
larger pore sizes, and the % volume of pores b2 μm decreased. In
addition, the APS of specimens sintered at 1200 and 1250 °C is three
times higher than that of specimens sintered at 1100 and 1150 °C, respec-
tively. It is worth to bementioned that the increase in sintering tempera-
ture encourages the coalescence of pores which, in turn, leads to a larger
APS. Furthermore, the pore size distribution of themembrane supports is
a single (mono) distribution modal as illustrated in Fig. 11. This is a clear
indication that the samples have a uniform pore size distribution.Fig. 11. Pore size distribution in samples sintered at different temperatures for 1 h.
Fig. 12. Compressive strength as a function of sintering temperature for membrane
supports.
Fig. 14. Distilled water flux variation as a function of different pressures.
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The mechanical resistance test was performed using the compres-
sive strength. The effect of sintering temperature on the mechanical
properties of the membrane supports was also investigated. Fig. 12
shows the changes in the compressive mechanical strength of the
porous ceramics supports sintered at different temperatures (from
1100 to 1250 °C). The compressive strengths of specimens progressively
increase with the increase in sintering temperature up to 1200 °C. After
1200 °C, the compressive strength remains constant (around 40 MPa)
with the increase in sintering temperature from 1200 to 1250 °C.
These mechanical properties are acceptable especially when MF
and/or UF membrane applications are needed. Usually, densification
and grain size are the dominant factors controlling the mechanical
strength, since most of the total pores were intergranular. The substan-
tial increase in strengths of samples corresponded to a parallel increase
in density, which means a decrease in porosity ratio. This is true when
a sinterable product such as anorthite is applied. Nevertheless, the pres-
ence of many phases, may delay this decrease afterwards. Hence, it can
be assumed that the difference in strength only results from the change
of sintering temperatures. The XRD patterns of samples sintered at dif-
ferent temperatures are shown in Fig. 8. The identified crystal phases
are anorthite and gehlenite, whichmay be considered as themain factor
controlling the strength of samples. The gehlenite (2CaO·Al2O3·SiO2) is
themain phase identified at 1100 °C.With the increase in sintering tem-
peratures (up to 1200 °C), the crystalline gehlenite decreased graduallyFig. 13.Weight loss of support sintered at 1250 °C in the acidic (HCl) and alkaline (NaOH)
solutions as a function of time.as shown from the reduction of peaks a, b and c in Fig. 8. After 1200 °C,
the crystalline gehlenite slightly decreases up to the sintering tempera-
ture of 1250 °C. These results indicate that themechanical properties of
obtained porous ceramics are strongly affected by the presence of cer-
tain phases such as anorthite and gehlenite. Compared to the porosity
and APS, the nature of phases plays a more significant influence on
strength.
3.7. Chemical corrosion
The chemical corrosion resistance, of the fabricated support sintered
at 1250 °C, was evaluated by the mass loss after being immersed into
HCl (pH=2.5) and NaOH solutions (pH=12.5) at a room temperature
for 20 days. The weight loss due to the corrosion of acids and alkali is
shown in Fig. 13. It can be seen that the support shows a better alkali
corrosion resistance, since its mass loss is much lower than those of
supports after acid corrosion. This can be explained by the high alkali
content of the considered ceramics [69].
Therefore, the observed results in weight loss during corrosion tests
suggest that the prepared support possesses a good chemical corrosion
resistance and it is suitable for applications involving acidic and basic
media.
3.8. Support water permeability
The water permeability of the membrane support was measured.
Fig. 14 shows the variation of water flux with time and pressures forFig. 15. Permeability and APS for membrane support sintered at different temperatures
for 1 h.
Fig. 16. SEM micrographs of multilayer system. A: cross-section; support (a), intermediate layer (b) and a top layer (c), B: surface of top layer membrane.
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However, it depends on the applied pressure. The averagewater perme-
ability is around 13 m3/h·m2·bar.
The distilledwater permeabilitymeasurement for the prepared sup-
ports sintered at different temperatures is shown in Fig. 15. This figure
shows that there is an increase in permeability values, when the
sintering temperature is increased. As shown in Fig. 15, the water per-
meability of the support sintered at 1250 °C for 1 h is much higher
than that of the supports sintered at 1100 and 1150 °C. For example, a
permeability of about 3 m3/h·m2·bar was achieved for supports
sintered at 1100 °C, with a porosity ratio of≈42% and an APS around
1.9 μm, whereas a permeability of about 13m3/h·m2·bar was obtained.
By contrast, for supports sintered at 1250 °C the porosity ratio and APS
values were ≈47% and 8 μm, respectively. The water flux through a
porous structure is influenced by several variables according to the
Hagen–Poiseuille equation [64]: the pore size, the porosity, the pressure
difference across the support, the support thickness, the total porosity
and the viscosity of water. The supports had identical thicknesses
(≈2 mm) and were tested under the same conditions. On the basis of
the above results, it can be said that the higher water permeability for
supports sintered at 1250 °C is the result of two main factors: high po-
rosity ratio and large APS. This high permeability is very important
property for these membrane supports. Finally, the best conditions
to prepare the support are established at a firing temperature of
about 1250 °C. Under these conditions, the APS, the porosity ratio, the
permeability and the compression strength were about 8 μm, 47%,
13,000 l/h·m2·bar and 40 MPa, respectively.Fig. 17. Pore size distribution of top layer membrane sintered at 1050 °C for 1 h.3.9. Membrane top layer characterization
Fig. 16A shows a typical SEMmicrograph of the cross-section: amul-
tilayer system constituted of a macroporous support, an intermediate
layer of TK and a top layer of TKH. It can be observed that a top layer de-
posited from a TKH on an intermediate layer has a uniform thickness
and presents a good adhesion with the intermediate layer and its
surface is homogeneous and without any defects and microcracks
(Fig. 16B). The thickness of the layers may be controlled by the percent-
age of the mineral powder added into the suspension and the coating
time. Under the used coating conditions, TK interlayer and TKH top
layer have been produced within average thicknesses of about 33 and
40 μm, respectively. The pore size distribution of top layer was narrow,
ranging from 0.06 to 0.3 μm, and is a single (mono) distribution modal
[14] which confirms that the membrane has a uniform pore size distri-
bution and an APS equal to 0.2 μm (Fig. 17). This APS indicates that this
kind of membranes can be utilized in the MF range. This APS value is
considerably lower than those obtained for other typical ceramic MF
membranes (about 0.5 μm) reported in previous works [9,11]. Even
though, the researchers used relatively expensive oxides, such as ZrO2,
for the preparation of their ceramic MF membranes.
The typicalmeasuredwater flows through themultilayer system are
given as a function of time and of amean applied pressure, as illustrated
in Fig. 18. The water flux increased at a higher applied pressure as
expected and a stable flux is obtained after few minutes. The average
water permeability is around 550 l/h·m2·bar while the dextran rejec-
tion is of about 10%. The water sample characteristics, which wereFig. 18.Water flux versus times, at 3 working pressures, using distilled water.
Table 4
Water sample characteristics before and after filtration.
Element Turbidity
(NTU)
Conductivity
(μs/cm)
Salinity
(mg/l)
pH
Sample 1 Before 2.88 414 0.2 7.95
After 0.80 370 0.2 8.10
Sample 2 Before 121 335 0.2 –
After 0.46 300 0.2 –
26 B. Ghouil et al. / Materials Characterization 103 (2015) 18–27obtained before and after filtration using the novel membranes, are
presented in Table 4. The permeability was characterized by measuring
pH, turbidity and conductivity. The obtained results show that pH value
remains constant during all filtration tests. The effect of membrane on
conductivity is negligible because MF process is not efficient to remove
the soluble salts from effluents. Furthermore, the sintered MF mem-
brane prepared from TKH presents a good chemical resistance towards
the basic and acid solutions. The weight loss due to the corrosion of
acids and alkali is shown in Fig. 19. In fact, this weight loss is negligible.
It did not exceed 1% when a sample, which was immersed during
20 days into HCl (pH = 2.5) and NaOH solutions (pH = 12.5) at a
room temperature. The obtained results revealed that the prepared
membrane shows greater corrosion resistance in both acidic and basic
mediums as than that of the support. This latter is thought to be due
to the nature of the existing phases. Hence, it can be used formembrane
applications.
4. Conclusions
In this work, ceramic multilayer membranes in a tubular configura-
tion were prepared. It consisted of an alternative support, one interme-
diate layer and a top layer. Ceramic supports have been obtained by
extrusion using kaolin and calcium carbonates as starting materials.
The prepared supports sintered at 1250 °C offer a better mechanical
strength (40 MPa compression strength), chemical stability (b5%
weight loss in acidic media and negligible weight loss in basic media)
good porosity (47%), better average pore size (8 μm) and high perme-
ability. It has also been concluded that the membrane supports sintered
at 1250 °C is the optimum supports allowed for depositing the mem-
brane layers. In fact, due to the particular Texenna kaolin halloysite
shape and sizes of particles, coupled with the larger pore diameter of
the clay support, it was necessary to coat an intermediate layer with
smaller pore sizes compared to the support. The intermediate layer
has also the role of preventing the infiltration of suspensions into the
support, allows a reduction of the thickness of the top layer and it
even allows to eliminate the defects of the support (reduce the surface
roughness). Moreover, microfiltration ceramic membranes wereFig. 19.Weight loss ofMF top layermembrane in the acidic (HCl) and alkaline (NaOH) so-
lutions as a function of time.prepared by slip casting method. It has been found that the
microfiltration layer has an APS of about 0.2 μm, a narrow pore size dis-
tribution and a water permeability of 550 l/h·m2·bar.
This result may allow the novelmembrane to be used inwater treat-
ment in the microfiltration range. A correlation between microstruc-
tures of used powders and physicochemical properties was discussed.
Finally, the origin of the unique two powder order membrane deposi-
tions was also proposed.
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